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!O.continued

pyrfdine adsorption. The surf-ace hydroxyl groups, working as
OH-, react with coordinated CO 2 to form carbo-tate species
when the oxidized surfaces are exposed to CO 2.' The resulting
bicarbonate species decompose to form water molecules which,
upon evacuation, dissociate to some extent so that OH groups
are partially recovered. On oxidized anatase, room temperature
CO exposure gave rise to some surface reduction and two
different kinds of adsorbed CO were detected.



The adsorption of water, pyridine, carton dioxide and carcovnrccid

were studied by infrared absorption spectroscopy on redwaeoi aoW c-izod

anatase. There are two kfflds of Isolated OH groaps, -s uvf as to.

C:.rasor~~:.s f Species Adsorb~ed n Oxidized and Reduced Anata4Se adsorbed water nolecales, f or trie anarase powdlers used in tlhis sta,'. 7:

species are "ssigned to adsorption on differenit Cr,'z'tal faces. TO- oat,:

aM hydroxyl species are -or statile on oeidizrd,as cop,-d~r oo- X

anatase. Soe sites V--r 22 r ,p a-. reasy for.-- a;, '

differert coordination as co,,pared to sites ut.ere auit! .s eod.7

cordination soonber of tre TI 1ins S 4 'or water adnoritio. arc, cc

Cli. No rirface 8:-sted -d~ty is detected -,, p,--. rzr-' >

soirface hydroxyl groups, snrKIrq us Ott-, react, 'its cr..:

Xtuo OOa-s J. M. White(b) carrinate species when the suidized surfaces are :?er. t 7.

,fch;sryresuling bicartonate species dcconpase to fom- water co1c.es c-

n:Vor.t ti "e Zxs evac~ation, discuiate to sane extort so naut -,' c,-- - -

Aastir.. TX 73P12 recovered, Oan o..dized an atase. ron ten.peratore Cr ejos, qic .5

sane sarface redaction and twao differert Kinds of adsorbcer CC) osre At-t

0
P c~,& at ti the CfLioe Of Naoa, Researu5.

'5: A.Lat~lu to .dtt csrrvspiondence 5000uld to addressed. .

ZC -,
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1. l7-rm r.2n 2. EXPFdRI.NLAL

- we- W tvat titanium dioxide is a gaod materiai for A commercial anatase sample (MCB) was used throagnout. he .7ain

p .osara-ytlc sy.:ter;, for exasple, photoassisted oxidation and reduction impurities wre As(O.000211, Fe(O.OlO1f , Pb(0.G0fl) and Zm(2.0135) A,
react o (2* oxy-gen isncnoe exinrange reactlonsl

2
l ard Water

X-ray powder diffraction pattern of tnis powder snowed no detect in ...

dvcrtos:tion. 
3  

One irtocceatig aspect of tie water decomposition Oxygea and CO were dried ans purified by passae icdrvy a 5e rnoie'aa5
<esc::cr. is the orestion of now the surface OH groups function, if Indeed sieve trap at 77K. To remove 02, hydrogen was passed tnrougn a redre 5t

2.-/ are cr ucial, in the mechan sm. In this context comparisons between Pt/Al 20 catalyst at 200 " and then a A molecular seive trap at -*.

are ca.on since H202 can be detected in the zinc oxide system Carbon dioxile was degassed and, to remorve water, was d;stZLed fra n

trap at 195K to another at 77K. Pyridine was de,;azsed and ine ,at;...c
ale a large c.,er. of studies of the surface of titania samples further purification.

rj -1 a U~ adsnrhres. rany of which have used infrared 71, IR cell was a standard design whicn pervitted evacst=.:

cf tr-y !PJsis in tris work has been directed heating of the sample.
( 1 9 ) 

Cacin fluoride windos were ned. T %e

-if: ct- the nrid-.se character of turface hydroxyl specites was lifted into the furnace area using a magnet. A quartz cell was used wen

o p f r.rents nave i.nol'ed rutile. the experinent iniolved heating at 80
0

C.

A -art off a cv.rrraing study of photoas3isted reactions using Sjiectra were cawen usirq a Nicolec 7;99 Far Trar.t
--; t.a were.takeninsiraccadNferns, we 9 dert no hive infrared

spectrometer and ware recorded in absortance for. wit
r. 

a re-ozr'.. of 2

t e s prt of the characterization of these cmi. Unless otherwise stated, 50C scans were used for an ri.v;a
c. v pactelar we wre interested in the Kinds of water spettrum. Such spectra could be taken in a few minutes and gave ca2 St1.

c ay. p species t-at were present on reduced and oxidized anatase after All opectra reported here nave been corrected by sotcactia: for

. . t ar. f-, In addtion, tie acid-base character of the of the gas Phase and the CaP2 windows.

..Xer.a.s ncnrored using CO5 and pyridine adsorption. .Aatase powder, i00 ag, was spread uniforly on parafiin paper to

prevent metal contamination), placed in a I- diameter Jie pellet pyecs, An

pressed at 5000 pounds in
- 2 . 

An 1R spectrun of tin di s othcd - f,h :.

treatment sowed age paraffin signals at 3200-3400 and 2900 Cn
-
1 as -c1d as

carbonate signals at 1582 and 1484 cm
-

. Ther, were neither hydrcny nor

water pea". The paraffin was not reoved by neating in vacuam at oIc and

no adsorbed species, detectable by IR, developed on exposure to the

sla1cales roe in this study. Both the paraffin and carbonate r. nals were
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arisent alto: tre s-ple was evacuated, gradually heated to 400 0 C in 1 atm

02, Pea at trsas casiaticon lot 12 nr and eacuated at 400 
0
C fot 3U min. At 3. RESULTIS

tts aq -2 I rrrnlrg t-nda between 3600 and 3703 rif 1see below) arid a 3.1 Hehavlotir of hrydroxyl groups.

-:.0 ltce ib.tnaoad10ci weeoere.TesoetetntAfter the initially formed pellet was heated in 0, at 401C 'C and !ocd

prace:!re -as adepted as a st.rxlurd rthod of preparing starting materials, to roan temperature, relatively sharp bands Were observed at 3695 da 2

Zn tne NsS:' ut ue far-IR spectron , no anataue-to-rwtle ttansiorniatior cm
1  

(Fig. la) along With an absorption at 1635 a., *. hese are tt;te

.stctvi a th rsul ofthi petratmnt 0)to adsorbed water. Evacuation at 400 00 led to the losn of these actr

T7.e falluwir.; paragrajts describe experirmets 0 r which the osldatlin, eodes and the appearance of three sharp bends at 3240, 3215 andl 3C'6 nt'-

>~ccinne2 vacs.tLn ntiv \atroawer vared.Thee tree empratres(Fig. lb) assigned to surface hydroxyl species. All three of t ese t-ss

.-. ir~tetitsq~~nco. For ewarple, 400-M0-400 mans the Samrple Waudret0frH echnessntes~~e-s epu~ o-3a u

us-e unewn ]'Co- rutang reduce thd thenpl evcute atos, 400 ::3C.:
o-4 Cro reucd ndthe eacatd a 40 c.teepera. ire arid the frequency ratio 43 ,was 1.356. in exze-x:

agreement with the value of 1.355 reported by Prirret at. ol.O far Cdi ani:

03 on bath anatank oam rutile.

For our samples the OH groups were very stable. As slso. in Ft3. ic

and 1d, after oxidation and evacuation (10 min) at 600 and HZ3 Co, th" Cll

bands remained but reith decreased inten~sity. After t

ooldotlorv'evacuation treatments the sa;ryle was a brignt w!hine

indicating that tne balk -as fully oxidioed.

Thne hydroxyl groups were sensitive to H2 exposures. Catparriq F~ l

and le shows that reduction with 1 atm of H2 at 400 -C reduces tre int-OniY

of the OH bands "ar ngOsoses the sig]n of the slope of the barkgrnsC.Th

latter is attributed to changes in the surface of the titania nic.i ccsr as

the sample becomes slightly reduc.-d anid takes on a biue-jray cnb1r.

Spectrum le also has shoulders on both aides of thre 36Th76n peas,

inicating the presence of adsorbed Water (3695 and 3660 cmr
1

l

The results of exposure to ater vapor are shorwr In Fig. 2for botn

400-ND-400 a" 800-N"400 samples. In am ambient sf I tort, both sanples

ehow thre same peeks at 3694, 3660, 3420 "about 1640 on
0
l lonryare a aid

d).* The bus at 3420 aend 1640 Inicrease with pressure at least up to 2.6

II
II
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tsr a, r2iat.c in Fig. 2b. ;on evicuat.ion at roon temperiture, Fig. 2c, carried out In obtaining spectra b-a reoulted In sie lea, to', a..

significant c:w .e- n i pas posititils and intensity are readily notel. indicated by toe changing color of the -anples from shite to-ufos blae,

First, the crol p e. at 3420 cn- almost completely disappears indicating this was not extensive enough to alter the water adsorption in a .easu:atle

-.e o-val -f a ao:idensn ,,-ter layer. Second, there is a significant way.

nau:5tflt-;iO03 intensity in the 3600-37003
-  

region with small c Ca, the 400-400-400 reduced sample, ater exposure r-- evucuatin at

an overall sroance. Bands appear at 3740, 3715. 3694, 3676, 3660, 3615 room temperature led to IR spectra (Fig. 3g) that had the sae features as

and 3474 ca for tr e 4,0-?E-4,0 sstple. Si.ilar bands wit lower intensity spectra obtained on the oxidized form. Heating removed the 3694, 360G, 3f".

sne ouve' far the 8UJ-wo-8O0 sample (compare Figs. 2c and 2e). In the 3474 and 1620 cm
-  

just as for t e oxidized fonm. However, te :nevau

,nwr t.ra .y regi a evsauatinr, is accompanied by loss ot intensity and a stability was significantly less on the reduced form; a- show in F:,;. it

s.it in fre- nci frun 164C3 to 1621 cm.- for the 400-NO-400 sample whereas these peaks were aosent after heating to lO
0

C wile neati:.g t, 2v0":

t -.e t5-'- s.-f-Ie sn os a ste~lar ohift but a mart smaller loss of required on tie oxidized form. In addition, toe red.-l :,-

aate.st;t. molecuar water after room teoperature evacuation as .- stet ,.

3.2 ;tater "srpt. a an oaidnzti and reduced surfaces, intensity of the 1616 cm
- I 

peak (compare 3a aid 3g). The species renain:-q

on the surface after evacuation at IOC0 were quite stable and ecre a,.
. 'e %;;!-; n of water at rn. tetperatire was compared on oxidized

slowly removed by heating to 400°C but, as coe-pared to tne coxid.zeo sarfaze,
un r:.d arts f 710

2 
wtn articular attention being paid to the amount

the stability appeare to he sanesh at les.
of in.ottin a.,d t . tner-al sttbillty of the adsorbed sojcles. The results

Sad ~i e tam panels of Fig. 3 cover bor the 01 stretching and H-O-H 3.3 Pyridine adsorption.

-- re-pans a-n all th.e spectra were taKe. at room temperature after Pyridine adsorption was carried out to give a neusure 1n u a.-

cauau ftorf t 3C rin at tn iuhiactad temperature. properties of the surface. Ti- sample had prevously teen ex.ws-A- to -ster

On tne 4301-0-40 oxidized surface, Fig. 3a shoua, the same seven OH Vapor (anid evacuated) at room temperature. Mking assigrnents as in -re. aas

u: is sri 1-e s-n wite: bLrnirg tnu as in Fig. 2c. The reproducibility of work
(

?
2 1

) we conclude that oxidized anatase, exposed to water ard 2ui

o.a -.- tion .- d asansity indicated in these two figures is very hydroxyl and water bending modes as in Fg . 3a, smins no measratle or-sted

A-!.slat4. Ut: - tands -enain with the sae intensity after heating at acidity. This is in full accord with otter work.
( 1 7 )

:C.C. F.a,. 3(W;. Peaks attrlbuted to molaculsr water (1620, 3474, 3660 Heating at 200°C removed some py. idine and gave a measarablr -ilt

-7 . tee removed -rrq rcatling at 20C Alle the remaining peaks and splitting of the strong band Just above 36W0 cm
- 1

. Only t.,e lower

seaiuntitin ol ater arnd evacuation, both at raw temperature, gives frequency component was resolvable after neating to 3010C. These reiauts

sapetrcn f shin nicely reproduces spectrm a. Thus, aithwo the hsting suggest that there are at least two different kinds of Lls acid sites 'or

pycidint adeorption on the hydroxylated anatase.

... ..... ..- ~-



3.4 turbot 3iuotie Ad-rptiox.

Octr renits fcr COl. a~dsorpr:on on oidized anatuse are very nouch like on the oxygen predosel surface, a 40 nin cupoc~ure to CC02 >0ricO to

tho$O Scet.; eJ- tcr3 al.' r.1 are only soxivarized here. At rooem bicarbonate at a Somiewhat higher frequency (1431 a,- ) Ua, , n v-.e ('

rZerperartire. CC, is rapidly coordinated at Ti sites on oxidized anatase predosed with water 11420 cm) Mreover, the bidenrte carsonte specicoa

42-i -. ,. 1b) t. 9lee a band at 2350ci . surface bicarbonate was formed In much lower corcentrations ont the oexqer prectvel suirface (,nt1

.S Po-- K. tu.n f~rs-:cu -ZOi. k-2rn) of Cfl2 eurpohore on those surface and 1245 erd 3. These results show that preadsorbed water praneo-c

Ci Z -;:s~a ch bth t.,ond r ae cordiate, mre I a lowformation of bidentate carbonate and inhibits the growth of cootdioated CC

re : reat---- --noern pairs of these bicarbonate species to formt Predosing in 02 t gives a)2 spectrm crmparable to what is formed wren

adsorbed i ;-t-tv corbonate stud water. Fkeon temperature evacuation remioves 0 is exposed to a (400-%0o-400) surface.

o tx ;.: srzovnate, residual nicarbonate arc1 coordinated CO, leaving on a 400-00O-4
0

0 reduced anatase sanplec (not snown) , espoa-.t to 2

- oj-orbel -aer and refarning somne adsorbed Oil, probably by Tort of CO.2 for tines op to I hr at room t~e.'retore. gave only a sil

zn la::nr. of cater as tnte concentration of other species drops. amunt of coordinated CO 2 which showed *a tencety to cu:,oro. 14 cci.

,etur 3tn :0 :. soos -:h rapidj fomation of b.:aroonate and bidentate Wle concltude that the reduced saepte had noe tendency to fort, curw~tcus :1

-rY ittle in-tensity in the bard associated with coordinated moy kind and that surface basicity is reduced ty t gr txirau:e

CC ac co-lace rot water coordinated to Ti Ion sites inhibits the reduction.

-- ti r - >tio::lty) Of coordinated CO.. hut promlotes rose rate of 3.5 Carbon monoxide adsorption.

inAdsorption of MO or both the oxidized an reoteed fort of -- ist
.n ~ iscoifi.- bydaa sow Fi. fo ashon in Fig. 5. For each of the carves a tazegrouel opectruo Ot i-u

4. 0>.2sa- of c anauo predrhoed in A 20, curve a, or O2, curve b. subtracted to remve a strongly sloping baselime. . ne:-.-t
-4of ProaL'srptoo consosated tf exposing the satiIl ta 11 Totr of eitner oxidized samsple, CO eoposure (22 Torn) gave spectrum (a) after 22'

r water 'st Sco ic' c by 30 sin. evacoarln at rush texmperatire. bands at 2145 and 2115 cot1 indicate two types of mtlec.-au,1- Cc 2

~ , w a n r d c d a d!fe r n e 5 e t a ( i h-

.asso~~. 2. t:orn of C02 wsitoue andferce pcra(thAfter 140 min. the 2185 en
1 

pea' decreased in intensity by about a factor
resopect t .cc) ox predosed surfaces) were takes. In the case of wtet of 3 wile the peak at 2115 ce

1 
reained the sare (Fig. It) " i 0

bF. at;rate. na b!n2 a 5an.' oi rnate carbonate at pressure was decreased to 1 Terr and i en to 1 tort (Piqo. a

A
0  

<0:- , 1245 - .ere , C c rn Zed rapll a l corintroehi Tee;ua A-os .o4to fbd~aetroaeai i~b~ h rw~ r€odntdC

eb, . ee rrie a pirs and thes roa si e to a. 2185 en peak dropped steadily to zero while the 2110 wat pcu fo- .e-
anring rust ce azaorption cross sections at 1420 end 1671 are about cns E v to a oom s ure r

troe saors. Irereasad Intersity was also observed at 1636 *1-'aln withcntat Evutin ttoetprtrerovdalofiess.rdC.

- r a at 367a and 4o 0 ate .re ils specru.am Is ealy identiel tO hate OD stretching vibrations were accomplened by small peaks at 1

and near 1oo00in
1  

indicative of the formation of sirface bcsrbo.,te
foe, as descrlbed ins the previous paragraph, adet evacuation e n a second am surfa titokrace whencty osdredu r ed to

asrace redcion tok p e te oxidized surce i.o exposed tat

" apostate.':eain s o:re ydt sow n i.4 oa

Ihw.nF . Fo-aho .ecrvsa :~odspcrm 3t':
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CID. -ss is attr-scted to t . fo rm ton of aW adscrbed M 2 species which 4. DESIfS

'carbonate. 4.1 Assignment of hydroxyl bads.eects to tons tt'e b.croae

;z siwn ..i Figz. 5fa-c 5pexposure of a 4C0-400-400 reduced sample The hydroxyl bands at 3715 and 3676 c
-1 

after oxidaton aii ev n c: sn

;avu :n.' te 21BS c1
-
7 peK. .110 intensity of this peak wie not a function at 400°C are assigned to isolated hydroxyl gtoups att4cld

of ts-a but it did decrease witt decreasing CO pressure and, as shown in St. crystal faces of anatase wile the band at 37413 sri is ass.n.r a; 2>

S n~te/l to-,ved by evacuation at room eraiperature for 30 ain. No silica impurity. Band pairs at 3694, 3495 and 3666, 3465 =- Or..

ca:.rz*te type species ere observed when CO was exposed to the reduced to water molecules adsorbed on different crystal faces. In t.- fol'.-r,

-aase. paragraps we describe evidence from the literature and our own vAp-.r- sts

for these assig,-rents.

Different adsorbed rnyroxyl species -ave :t- so-.-;. ntu:... -;

anatase and rutile. These different species nave beer. ott r.t-i in

variety of different surface str ctures. For earpjo, Pret et

studied the hydroxyl groups on bo:r, a.atase ard r~tile c--s. -

after ev cuation at 2000C they found absi-ption peass at '6b5, 65n :.

Ce
-1 

while on anatase peaks were located at 3715 and 3665 c-. .-e:. .

energy peaks are ascribed to isolated 0H groups u-tile tne ote .--es

assigned to nydrogen bonded species located In i7uc-:

evidence, they cite the higher themal statbiity of tic 3315 a.: . .-

peaks and the fact that any OH frequency above 3700 c - is t:yi ,ta: 0 -.

to be an isolated species on almost any intal oxide. Rt;:' r-s :

hydrogen bonded bands because there are two 0-0 distances, 2., a- .t: ,.

while for anatase there is only one 0-0 distance, 2.83 A. hey a'so fo

that all of the bands listed above were excruojed, D-for-H, upon -Fupssr tz

D00 and the frequency ratio (OH/aD) was constant for alI te i.ni a-, j -6j a
to 1.355. Exchange was also observed upon exposure to D2 at btCC.

tony reearers have assumed that powdered anatase aid rut:-e sue faces
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wov..d cons:st rany of tne (0011 and (110) surtac7e crystal planes, with those expected at this surface.

. (6 . ' Jones and Hokey'
9 ) 

discuss their results for It has been suggested that dissociative adsorp:ion of wanr lots

rattle cyrircula:on and hyJration in ter of three crystallite surfaces two different surface hydroxyl groups. (9,22) is s.. vxr- .: ,

G110), :!..I an4 (110). Water d.ssoctation is not probable on tie (1001 and calculations done by JaycoCk et al.t
2
3
) 

More recently Ortffith et al. -

i
1

) srfaceu because the r-sulting neighboring OH groups would be too interpreted their observation of two kinds of OH and H0 on r-1'i i.: t.,

clssetogot-er. On tie 1110; surface, the resulting OH groups could be of adsorption on two different surface planes. For cr. eulri-e:al

rv xi>: unc€in-cated. Th ~ey' concl.de that nolecular uster is bound as a - conditions, two CH groups are present after evacafti
t .

n at d'. .at

. :. te (.j, and (121 surlaces a- that it Completes toe Octahedral persistence of the two OH frequencies even after high tenperatur ecr...rr.

cor rIa-ior snell of surface T: ions in different ways on the two surfaces. (Fig. lc) suggests to as that hydrogen bonoea stratires are a n..

.x. tn e ' , .race, .-rogen bonding is signiltcant leading to a broad IR explanation. This contrasts w:tn. the wo of Prir:i et a..'
7 ) 

s fr...

:0" --:r wser wnile on tne (102 surface hydrogen bonding is br.ds around roo tenperature but the lower fre,-cr.cy -a, lt, . s

-:t:e: exvccte ror observed. On the (110) surface two kind of surface OH lost Juring evacuation at 2000C. Their description of this ta- s ar-ung

..rups are fu:.i .tcn dissociative water aoorption. One is Wound to a Ti from hydrogen bonded OH species ioes not fit with or uz erv r t Ox a -

i- 4-ccrr:-.e con ros-.ct co sirface oxide ions while the other . interpret our results as indicative of isolated 01h gr. -ps e.

tu a Ti i:. tu.at is line coordinate. Deydroxylation upon heating different crystal planes or linked to TI ions of different cnordi.utn.

s-s: .s3;.aL::ncyined using the CH linsed to the 4-coordirate Ti ions. In the presence of water vapor, Fig. 2 shows there are tar :;arp ps,

- ccey
(9  

point out trat the sa.e kind of considerations should 3694 and 3660 cm
- , 

and one broad band, 31420 1 .'l, m t e C." st: j-

-- s t=ue 3:sr tlu local structires of tie two po-yorpns are nearly region. upon evacuation at room teperature there ts a reostr.t .-

- intensity with bands observed at 3694, 3676, 3615 and 3474-3495 cm
-
' Our

2.-cs.c -A ?..rl P :on
( 3 ) 

rs*orted two OH bands on rutile at 3700 and both the 400-N0-400 and 800-ND-800 saiples. In addition. t~he 41 .

1 -- .n-n -. e." attribute to bridged and mrre labile terninal species, sample has bands at 3660 and 3715 nm
-
l. The peaks at 3676 and 371 -m' e

.- .2'* .rc -tn to Ire icirred. They observed another OH peak at attributed to OH groups at the surface as in Fig. I. The other bon-. arc

S" .r .c as assignd to a s.lica-derived species. On the basis of all associated with adsorbed water molecules either directly or in.Jrctly.

nt- u cserr'ed at 1690 and 3420 cr
-1 , 

which were described as the It is quite reasonable to suppose that a prysisorbed laier of wu.er

,o:e-.,.u-Jerd .-oc-.terparts of the aove two isolated OH species, they condenses on these anatase surfaces and functions very much like .. qA

that the (10) plane is a satisfactory model since 0-0 distances ater. For such conditions, the two bands at 3694 and 3420 am
- 

woa:d :)

culcilatd On the basis of the hydro;aen banding shift a n good aegrement assignd to the asyetric and symmetric OH stretching vibrations of tre



Condes- ---or no.ouls. ter oauC MoS jvaaos at 3756; ard 3G3 cm.
1  

One additional band remains uniassignsed, 1615 1,s T i .,

t k 5 n lid .Itr It 2 n asyflstr~c otreoco of a ydro- bande! spec- oue': Icot-f -

I sugse by II~ et al. (m

3412 z-~~. - .6; In or xperlments, t.ne band at 3420 c ffl ound in t* suggested by Prinet et

p - of o or arn te band bot.er, A470 and 349t cm. found after 4.2 Comparison of water adsorption on reeleced and oxidizod urples.
ev, ..- zo,. x:,vo~ve water in t.re 'we Kind of s,&, trate onviron et.

er ntT- results of Fig. 3 clearly indicate that: i The tner-al .

4-Sc :,iro300 corodiog i- tignificant whioe in the latter t of adsorbed water is greater on Lt., oxidized s roaces. (21 e o- -

water held on the oxidized surtaces alter roan tenjerat-re roatti-o 1;

fo-nt .,2 oro s reohe wht. h yr- e. bonds are formed. significantly larger.

- i. ( (62 t - on in Fig. 2z is attroIted to the asysetric With respect to the tiernal aratiluco, n tote t-,o acos. it '-. "

--- o c on tee anatase surface. Sic a species report that rutibe snows retenton of p:u 7i:caily o:our r-r 4 o -.

-_Tuag o -u:- * o.% On -i*r OOala 3465 on Lut for our exleients this we prefer to denote suct. stale oolar opon;eo a 1c-c.1 rspc-es

is <o M t-.me ouad aid intense band at 3474 =m. On the activation energy for water dosorpti-r fran r~ttle is 2-. Vor.-,-:l-. -
"

E _ - ,r j M,-' LJ . .s o.oere.d. The pnaa at 3694 and Rectly, Fisher t al 27.
2 8  

reprt- tat Ei - 3_ i . : . - °
- dod . : aaj. so tt. as~rnner i arid oso~tric stretching nodes of

occurs at about 30K higner temperatare when atom-t ooT- n is rura-ucro-c.

m,,r -i t..o -.r( ce. Ep conperiso, of Figs. 2c and 2e, we conclude tat Their XPFS studies suggested tOut prejdscrbed -r)er ro'o.; iS .

i., f -arood aor t ueio~ are preseant after roanr tempierure water adsorption to give too ON groups for eaco water rtneoun os .

e if &O t-rylo 4Zs-: -Cr-s species are c.oracoerized by Recoebination of tese to form witor curs at a .,pvre:2e r. . - -

.* ; It 3694, -141, , 3(63, 3465 cn 1. This is consistent with desorption of molecolar water fro, Ptuln.

t. - on -; on one ad rbed hydroxyl hand at 366 cm - the 800-N--800 concentratIon and structure of surfc oirteuuinr4 tsr tu, no A:,

. -, -e ten .on on t::e 4:0 3-t15-4nO reduced anatase surfaces nay also accosT for *-. xs,;aed tro-r ts i.:,:

-r . irte'Preta" -o , 'S en at there are two rinds of water differences. On the oxidized surface the coaceotratia, of t-a:: u.:,- i

e.s- - - - -ttez ?+L'e-e ur,at-aue surfanes and each of the two sites isc would be relatively high and would stabilize cte.- eoro wauer , i-,e--.

a -,.:.-2 .. t.n 2. fferent surface O. groopa. If oi takes the position that througjh Interactions with toe tyoroqer, ators. C . i-e : ::'. a~a

--- -u,. 2: -, _p -ara ol .nsorze water ref loot toe poeseone of distinct adsoroed water would teed simply to till t re coo.dorc:
s-i fic 4 roes, tuen o.r so.cral assigent imply the presence of at least unsaturated Ti ions.

too co-of-renit crjstal plates one of which Is preferentially lost as the Conslderation east also be given to a crystal structure transormit.un

ooat.- a~ticj teerature increases. from anaase to rutlle. At 400
0

C this is not a significant ccntrioutor; .0

1 I
I

Ii
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S. CU ILisi Ix

4.4 532 ldor.r ter

-s . ooptlon rsIts .o-istrate the surface bIsicity of oxidized

conclusions:

e s].. ., uqn:tic ly, toe loss of this property after
1. lob Kinds Of ceisorted Oil and two Ki-o3 It cat.,n--I.

re-- ..t:, fr!-'qun. Sittc -0, r-a.ts cn oidized anatae are in found on anatase. The OH species at 3676 cni lo a1.1 i- t- tr t'

it.o.:.or -Kr, no ol, itiocot discos-on iz gives toere.
while that species at 3715 no is ao- i to t..I . . .....

to CO o.uorption, it is clear that surface reduction took
planes. The two types of adsorbed water showed paired 10 at rs. at

plat= , a -anlt extent at room te-perature when CO was exposed to an (3694, 3495 =.
-
1
)  

and (3M), 3465 cm i-m at, t,

o: = - -. :-.is is indicated y t-o frott.on of bicarorate
(130) and (010) planes respectively.

i.s :oc.u lot voord.nated CT2 indicatin] t at, if 24

, dl: -s-vertd tc carboates. The loss of CO giving the
tne sites for adoorption of loth oil an 429 "wile five-c"ooro-nate .3r.s ire

- : ir o r.at twe pra2,ct cartonate species ore held at sites
siggestel as sites for OH adsorption -ny.

o-7 .;:-r iOn CO. -13. hater os .-ore otrong>/ seld on se-c.:! -wic = .. r. -:

a 0, : .oa re or s off a CO a d at 2115 cn
- I  

on anatase. we

tiranla. Te results suggest tsar wter adsorption is en e t te

?,:ot on or. an oxidizei surface a"d that it is active for
presence of four-coordinate Ti ions and of surface ox*w ;Osr.

;i the Cirface. To sipport this idea we note t!
0
At the 4. Adsorptio of 0(3 on oxidized ana~se .:odtrno S coo:=- - - C

-- . .- os.s -o lels trot of the carzonate dauring
species winch conv-rts z.owly to surfare bica r.one .::-------- .-

A -. -:. :: " :crcot-tl:q1 io n.eenlqxt of tO press~co aso is
reacneo shicn, under ocr conditions, is a state ;s,l ;ir .;;1-

a.-e reactive intemediate. concentrations of not species.

5. The surface bicartonate species theriali, i-vspe.oO i ,c

water molecules acconpanled by thie loss of so:.lose 1. -:c . "t- -.- ,.

formed in this process occupy sites foroed dar;.j tt -e.i a te-.Ljt

the subsequent readsorpn:os of C0, into tre coordirate. sae.

6. Lattice oxygen is involved i a roan teperotare ref-c e - , .--.

with CD to form a bicarbonate species. Wiring this reaction, tw -.nd. ;L

adsorbed CO are observed: the 2185 
-
1 and 2115 - d band.are assigned no



2 t

C-1 nj tc fl zcermeejiaw lea.nq to the bicarbonate,
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Tort CO, (e) 25oC evacuatio~n alter (d), 5 'a . r 2. reC

Fn ZAP.: o and (9) evacuation at 25"C after (f).-

_.:.re :-:arti-40'~zra -. r.un after various treateets of titania

W~o~ae (2o~ito at 4Lt'C, (b) evacation at 400*C after

14), I .e. 4.,-f3')-433, (c) C.J-iN2-600. (d) 800-,3-800 and (e)

.- 4JX-400. See trot for notatton. All evacuation periods wre

3:g..re 2 . frare' soactra after ex,,osore of titania to water vapor at room

-.. eratlre. For a 400-K3-400 sample:t a) I Torr H29, (b) 2.6

... ),c) ea -lt er to). For a 830-N3-800 sanple: (d)

a., F 74 ) cva40043;.i~f after (i

F.;ore 1. 0 'ar4 a'cra after exosure of a 400-NO-CO sample to

a-4 vOrttO at: (o) 25. (b) 100. (c) 200, (d) 300

S---trga (f) 's after reajsorption of water vapor

07at 25*3.

ta-a A, o~ for a 400-400-400 sonpie: (gf 25. (h) 100 and

-.- tre afte. : (a, !G cmi eop-sre of 20 Torr of C)2

toa sctle pr-xzoed iv -ater and (b) 40 010 exposure of 2C Torr

W:tj a r-ple pr-sel o*t. 02. In bothl cases, the starting

-- -ra as a 40-.-400 soa.-P0. Both samples waere evacuated at

H2lre~j8C' ard 0 2 xi~orption and the corresponding I8

c---a -. s5atrocte.d.

S*.re5 ~.. a- alorpiiot on 4.10-90-400 (.oaidi.,d) amp0le (A)

ar 4..404l(..,en)r ple (B). Spectra were recorded

.:o:a' 1f, min ave 22 TofF CO, (b) 140 midO 22 Torr CO, (c)

.j mi0 after (b) with 10 Teer CO, (d) 00 ami after (c) with 1

| I
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